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Abstract The X-ray crystal structure of a reaction centre from
Rhodobacter sphaeroides with a mutation of tyrosine M210 to
tryptophan (YM210W) has been determined to a resolution of
2.5 Aî . Structural conservation is very good throughout the body
of the protein, with the tryptophan side chain adopting a position
in the mutant complex closely resembling that of the tyrosine in
the wild-type complex. The spectroscopic properties of the
YM210W reaction centre are discussed with reference to the
structural data, with particular focus on evidence that the
introduction of the bulkier tryptophan in place of the native
tyrosine may cause a small tilt of the macrocycle of the BL
monomeric bacteriochlorophyll.
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1. Introduction
The reaction centre (RC) from the purple bacterium Rho-
dobacter sphaeroides is the best characterised example of a
group of membrane proteins that are responsible for the
transduction of light energy into a biologically useful form
in bacteria, algae and higher plants. X-ray crystallography
has revealed that the arrangement of cofactors and amino
acids of the L and M subunits in the RC shows an approx-
imate two-fold symmetry (Fig. 1), with the symmetry axis
running through the centre of the protein in a direction per-
pendicular to the plane of the bacterial membrane [1^4]. The
bacteriochlorin and ubiquinone cofactors of the RC are ar-
ranged around this symmetry axis in two branches that span
the membrane (Fig. 1), but only one of these branches is used
for transmembrane electron transfer. The source of this asym-
metry is the protein, which tunes the optical and electrochem-
ical properties of the cofactors, acts as a sca¡old holding the
cofactors at precise distances and orientations, and provides
the medium through which the electron moves during trans-
membrane electron transfer.
One of the most intensively studied residues in the RC
complex is Tyr M210 (Fig. 1). This residue is in a key loca-
tion, within 4 Aî of all of the bacteriochlorin cofactors that
participate in the primary electron transfer reaction. These
cofactors are the pair of excitonically coupled bacteriochloro-
phyll (BChl) molecules that are the primary donor of elec-
trons (P), a molecule of bacteriopheophytin (BPhe) termed
HL, located approximately half-way cross the membrane di-
electric, and a monomeric BChl (BL) that is located between P
and HL (Fig. 1). Primary electron transfer involves the reduc-
tion of HL by the ¢rst excited singlet state of P (P*), in
approximately 3^4 ps at room temperature (see [5,6] for re-
views of the functional and spectroscopic properties of the
RC). It is now becoming accepted that primary electron trans-
fer is a two-step reaction involving the reduction and (more
rapid) reoxidation of the monomeric BChl, BL. Replacement
of Tyr M210 with residues such as Phe, Leu or Trp brings
about a signi¢cant slowing of primary electron transfer [7^14],
the lifetime of P* changing from 3^4 ps to several tens of
picosecpmds in the case of the YM210W RC [12,13,15,16].
As a result, the Tyr M210 residue and the symmetry-related
Phe L181 have received a great deal of experimental attention
[9^11,16^27].
In a previous manuscript [28], we reported an X-ray crystal
structure for the YM210W RC at 3.4 Aî resolution which
showed, within the limits imposed by the resolution, that
the overall structure of the YM210W RC is well conserved
with no major changes in the position of the RC cofactors. In
the present study we have determined the structure of the
YM210W mutant RC to a resolution of 2.5 Aî . We discuss
the details of the structure with reference to the extensive
spectroscopic data available for the YM210W mutant.
2. Materials and methods
2.1. Experimental material
An antenna-de¢cient strain of Rb. sphaeroides containing a RC with
the mutation Tyr M210 to Trp (YM210W) was constructed as de-
scribed previously [13]. Cell growth, membrane preparation, RC pu-
ri¢cation and crystallisation were carried out as reported recently [29].
Trigonal crystals appeared within 1^4 weeks and grew as prisms of
variable size, ranging from 0.3 mm to 1 mm in the longest dimension.
The crystals belonged to the space group P3121 and had unit cell
dimensions of a = b = 142.4 Aî , c = 188.0 Aî , K=L= 90‡, Q = 120‡.
2.2. X-ray crystallography
High resolution X-ray di¡raction data (2.5^11.0 Aî ) were collected
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at room temperature on a 30 cm MAR image plate on station 9.6 of
the Daresbury synchrotron facility. Low resolution data (3.4^40.0 Aî )
were collected on a Nonius-Enraf DIP2020 system at the University
of Glasgow. Crystals were translated at least twice to minimise prob-
lems associated with radiation damage. Radiation damage led to a
gradual loss of the high resolution terms over time, and so the e¡ec-
tive isotropic resolution of the data set was limited to the resolution at
which 50% of re£ections in the outer shell had Is 2c(I). The data
were processed, scaled and merged using DENZO and SCALEPACK
[30]. The co-ordinates of the RC from Rb. sphaeroides strain RCO2
[29] with the M210 residue and solvent molecules omitted were used
as the starting model, and a rigid body re¢nement was performed in
XPLOR 3.1 [31]. Maps calculated at this point immediately suggested
that the mutation had caused a small movement of the BL BChl. This
BChl was omitted and restrained maximum likelihood re¢nement car-
ried out using REFMAC [32]. The mutated residue and the BL BChl
were rebuilt in O [33] and re¢nement was continued in REFMAC.
Water molecules were ¢tted using ARPP [34]. All of the collected
data, from 40 to 2.5 Aî resolution, were used in the re¢nement and
an XPLOR bulk solvent correction was applied. Data collection and
re¢nement statistics are shown in Table 1. Figures were prepared
using the programs Molscript [35], Raster3D [36] and O [33] or Xtal-
View [37].
3. Results and discussion
3.1. Structure of the YM210W RC protein
The X-ray crystal structure of the YM210W mutant RC
was determined at a resolution of 2.5 Aî , as described in Sec-
tion 2, and was compared with a structure of the wild-type
(WT) RC, determined in previous studies at a resolution of
2.6 Aî [29]. The two structures had estimated co-ordinate er-
rors of V0.24 Aî and V0.26 Aî , respectively. The comparison
showed that there was good structural conservation through-
out the bulk of the protein^cofactor system, with signi¢cant
changes in structure attributable to the mutation con¢ned to
the immediate vicinity of the M210 residue (see below). The
structural models of the WT and YM210W RC were overlaid
using the program LSQKAB [38]. There was no signi¢cant
deviation of the polypeptide backbone of the L, M or H sub-
unit; the overall root mean square displacement between the
C carbon atoms of the amino acids of the L, M and H sub-
units was 0.18 Aî . The one signi¢cant exception to this was a
very small movement of the backbone atoms of the M210
residue (Fig. 2).
In the overlaid structures the mutant Trp M210 residue was
co-planar with the WT Tyr M210 residue (Fig. 2A,B). In
order to accommodate the Trp residue in the volume normally
available to the WT Tyr residue there was a small amount of
movement (maximally 0.4 Aî ) of the backbone atoms of the
M210 residue in the YM210W RC (Fig. 2A,B), but this move-
ment did not extend to the £anking amino acids Leu M209 or
Gly M211. Despite the fact that Trp has a larger volume than
Tyr, there was no signi¢cant movement of surrounding amino
acids. This was largely due to the fact that the bulk of the
‘binding pocket’ of the M210 residue comprises atoms of the
P BChls, the BL BChl and the HL BPhe.
3.2. Structure of the YM210W RC cofactors
As with the protein, there was good conservation of the
positions and conformations of the RC cofactors when the
YM210W structure was compared with the WT structure.
However, upon close scrutiny a small rearrangement appeared
to have occurred where the bulkier Trp residue comes within
close proximity to the BL BChl (Fig. 2C). In the WT RC, Tyr
M210 points in the direction of rings II and III of the BL
BChl, the closest approaches between the two being between
the Tyr hydroxyl oxygen and BL carbon CL that connects
rings II and III (3.4 Aî ) and carbon C15 of ring III (3.6 Aî )
(the commonly used Fischer numbering system is used for the
Fig. 1. Arrangement of the cofactors of the Rb. sphaeroides RC,
and the positions of residues Tyr M210 and Phe L181. The side
chains of the bacteriochlorin and ubiquinone cofactors have been
omitted for clarity.
Table 1
Crystallographic statistics for data collection and re¢nement
YM210W RC
Collection statistics





Resolution range 40.0^2.5 Aî
R factorc 19.6%
Free-R factord 22.5%





Ramachandran plot, residues in:f
Most favoured areas 91.8%
Additional allowed areas 7.9%
Generously allowed areas 0.3%
Disallowed areas 0.0%
Co-ordinate errorg 0.24 Aî
Model
No. of protein residues 837
No. of cofactors 4BChl, 2 BPhe, 2 Ubi,
1 Spo, 1 Fe
No. of waters 97
No. of detergents 1
No. of phosphates 0
No. of lipids 1
aFigures within parentheses refer to the statistics for the outer reso-
lution shell (2.59^2.5 Aî ).
bRmerge =ghgiMGI(h)f3I(h)iM/ghgiI(h)i where I(h) is the intensity of
re£ection h, gh is the sum over all re£ections, gi is the sum over all
i measurements of re£ection h.
cR factor is de¢ned by gNFOM3MFCN/gMFOM.
dFree-R was calculated with 5% re£ections, selected randomly [45].
eCalculated by the program WHAT CHECK [46].
f Ramachandran plot was produced by Procheck version 3.0 [47].
gCo-ordinate error was estimated by Cruickshank’s DPI [48].
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bacteriochlorin molecules; see [39]). There is thus very little
space between residue Tyr M210 and the BL BChl. In the
YM210W RC there was a similar spacing, the closest ap-
proaches being between carbon CH of the Trp ring and BL
carbon CL (3.5 Aî ) and carbon C15 of ring III (3.3 Aî ). In
order to achieve this, the BL BChl appeared to have under-
gone a small tilt, mainly a¡ecting the positions of rings II and
III, rather than a translation of the whole BChl ring. Evidence
for a tilt was observed in the original electron density maps,
and this shows up very clearly in di¡erence electron density
maps comparing the data for the YM210W RC with that for
the WT RCO2 RC (Fig. 3).
Although this putative tilt was small, involving a change in
angle of only approximately 3‡, it was quite distinct in the
electron density maps (Fig. 3). However, the maximal move-
ment measured from the position of an atom in the BL BChl
in the mutant structure as compared with that in the WT
structure was of the order of just 0.5 Aî , and care has to be
taken when describing such small di¡erences. When compar-
ing two crystal structures it is important to acknowledge that
both are associated with an inherent co-ordinate error. In the
present case the YM210W structure has an estimated co-ordi-
nate error of V0.24 Aî , and the WT structure a similar value
of V0.26 Aî . Therefore, taking the two estimated co-ordinate
error values together, a separation of 0.5 Aî is of borderline
signi¢cance. Our conclusion, therefore, is that there is some
evidence that the BL BChl undergoes a tilt of a few degrees in
order to accommodate the bulkier Trp residue at the M210
position, but we cannot state unequivocally that this has oc-
curred because the movement involved is relatively small.
3.3. Comparisons with spectroscopic data on cofactor
conformation in the YM210W RC
In a study of the 800 nm region of the RC spectrum by
ADMR spectroscopy, Ho¡ and co-workers concluded that
di¡erences between the spectroscopic properties of the
YM210W and WT RC could be accounted for by an increase
in the interaction of BL and HL, arising either from a change
in the position of the BL BChl and/or the HL BPhe, or a
rotation of the Qy transition moment of BL towards the
axis of two-fold symmetry [15]. A rotation of this sort would
also be expected to decrease the interaction between BL and P,
through a decrease in orbital overlap, and this would also help
to explain e¡ects of the mutation on LD-ADMR spectra [15].
These ¢ndings would be consistent with a small tilt of the
macrocycle of the BL BChl of the sort illustrated in Fig. 2C,
as this would cause the Qy transition moment of the BL BChl
to form a smaller angle with the C2 symmetry axis.
Fig. 2. Superimposition of structural models of the WT RC (dark grey) and YM210W RC (light grey), showing BChls PL, PM and BL, and
residue M210. A: View approximately perpendicular to the plane of the ring of the M210 residue. B: View parallel to the plane of the ring of
the M210 residue. C: Enlarged view of the BL BChl, highlighting the tilt of the macrocycle that accompanies mutation of Tyr M210 to Trp.
The direction of this view is as for A.
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3.4. Speci¢city of the changes in structure observed in the
YM210W RC
Replacement of Tyr M210 with a Phe, Leu, Ile or Trp res-
idue produces small red shifts (3^5 nm) of the Qx and Qy
absorbance bands of the BL BChl [12,15,21]. The X-ray struc-
ture of the YM210W RC shows in some detail the e¡ect of
this particular mutation on the BL BChl, but does not provide
an obvious explanation for the change in the energy of the BL
Qy transition. In fact, in looking for the structural basis for
these small spectral shifts some care should be taken, as it is
possible that the change in the detailed conformation of the
BL BChl indicated by the electron density maps obtained in
this study is particular to the Tyr to Trp mutation, arising
from the fact that Trp is a slightly bulkier residue than Tyr.
The reverse is true for other mutations such as Phe, Leu or
Ile, where these small spectral shifts are also seen. An X-ray
crystal structure of the YM210F mutant RC has been re-
ported [40], and this did not show a change in the position
of the BL BChl. However, the resolution of that structure (3.0
Aî , based on data that was 64.3% complete) was lower than
that described in the present study, and in this context it
should be noted that in an earlier structure for the
YM210W RC, at 3.4 Aî resolution, there was no indication
of a shift or tilt of the BL BChl. Clearly, further high resolu-
tion crystallographic data are required on one or more addi-
tional M210 mutant complexes before any attempt can be
made to draw general conclusions in this area.
3.5. Functional consequences of the Tyr to Trp mutation
The YM210W mutation has a stronger e¡ect on the rate of
primary electron transfer than any other single mutation re-
ported (excluding mutations that a¡ect the cofactor composi-
tion of the RC). At room temperature, the time constant for
primary charge separation in membrane-bound RCs is
changed from 4.6 ps in the WT RC to 72 ps in the mem-
brane-bound YM210W RC [13]. Similar observations have
been made for puri¢ed YM210W RCs [12,15]. At cryogenic
temperatures, in contrast to the acceleration of primary elec-
tron transfer seen in the WT RC, there is an even more dra-
matic slowing of this reaction in the YM210W RC [12,16,24].
This slowing also reduces the yield of primary electron trans-
fer [13,16]. Mutation of Tyr M210 to Phe, Leu or Ile also
adversely a¡ects the rate and yield of primary electron trans-
fer, and changes the temperature dependence of the reaction,
although the e¡ects of these mutations are less severe [7^14].
The YM210W mutation increases the mid-point potential
of the P/P redox couple (Em P/P) by 50 mV [12,13], but has
only limited e¡ects on other properties of the P dimer. A
number of spectroscopic studies have shown that replacement
of Tyr M210 by Phe, Leu or Ile does not have any major
e¡ects on the optical properties of the P BChls [15,21]. FT-
Raman spectroscopy has shown that these mutations do not
have any signi¢cant e¡ect on the frequencies of vibrational
modes associated with the ground electronic state of P, and
in particular do not a¡ect the number or strength of H-bond
interactions between the protein and conjugated carbonyl
groups of the P BChls [18,21]. Mutations to Phe, Leu, His
or Trp do not a¡ect the frequency spectrum of vibrational
modes coupled to the P* state, as detected by time-resolved
spectroscopy [16,41]. ENDOR studies have shown that Phe
and Leu mutations at M210 have little e¡ect on the electronic
structure of the P cation, including the distribution of pos-
itive charge over the two halves of the P dimer [14], conclu-
sions which are supported by FT-Raman spectroscopy [21].
Finally, ADMR and EPR measurements have shown that the
YM210W mutation does not a¡ect the characteristics of the P
triplet state [15].
The overall conclusion to be taken from these studies is that
replacement of Tyr M210 by residues such as Phe, Leu, Ile or
Trp has little e¡ect on the properties of P, other than some
minor spectral shifts and an increase in Em P/P. The details
of the structure of the YM210W RC are in general accord
Fig. 3. Di¡erence electron density maps of the BL BChl, and the structural model of the YM210W RC. The maps were calculated after rigid
body re¢nement. A: The BL BChl shown with negative di¡erence density. B: The same view of the BL BChl shown with positive di¡erence
density.
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with this conclusion, with no discernible changes in the con-
formation of the P BChls or their interactions with the sur-
rounding protein (except for a possible small change in the
interaction with the BL BChl, outlined above).
As indicated above, the YM210W mutation brings about a
50 mV increase in Em P/P [12,13]. However, the X-ray crys-
tal structure of the YM210W RC did not reveal any signi¢-
cant changes in the structure of the P BChls or their environ-
ment, other than the Tyr to Trp mutation and the possible
changes relating to the interaction with the BL BChl docu-
mented above. Given the conformation of the Trp residue in
the YM210W RC, with the apolar part of the side chain being
located closest to the P BChls, the main e¡ect of the mutation
is therefore to remove the polar hydroxyl group of the native
Tyr residue and replace it with an apolar group. As with Tyr
to Phe and Tyr to Leu/Ile mutations at the M210 position,
that also bring about an increase in Em P/P, the main e¡ect
of the Tyr to Trp mutation is therefore to bring about a
decrease in the polarity of the protein medium in the imme-
diate vicinity of both BChls of the P dimer.
The 50 mV increase in Em P/P observed in the YM210W
RC goes some way to explaining the slow rate of primary
charge separation in this complex. Such a change will increase
the free energy of the PB3L and P
H3L states, so decreasing
the driving force for primary charge separation from P*, and
there is experimental evidence that supports such a decrease
[12,42]. However, changes of other residues in the vicinity of
the P BChls that bring about similar (or larger) changes in Em
P/P have much weaker e¡ects on the rate of this reaction.
This suggests that replacement of Tyr M210 by Trp or other
apolar amino acids has more widespread e¡ects that simply
modulating Em P/P. On the basis of computational studies
using the X-ray crystal structure of the WT RC, it has been
suggested that the OH group of Tyr M210 has a stabilising
e¡ect on the BL anion, which forms part of the PB3L state
that is the ¢rst intermediate in primary electron transfer
[43,44]. Thus the unusually strong e¡ect of the replacement
of Tyr M210 by Trp or other apolar amino acids is explained
by an increase in the free energy of the PB3L state brought
about by a destabilisation of both P and B3L . On the basis of
the current ¢ndings, it is possible that the change in geometry
of the interaction between the P BChls and BL has an addi-
tional e¡ect on the rate of primary electron transfer. However,
it should be noted that this change in geometry is small, and
as discussed above it may be an e¡ect that is speci¢c to a Tyr
to Trp mutation at M210.
It is also apparent that the YM210W mutation brings about
a modest slowing of the rate of secondary electron transfer
from H3L to QA, which could indicate an e¡ect of the muta-
tion on the redox potential of the HL/H3L couple [13]. Such a
change is not due to a change in the position of the HL BPhe
relative to the QA ubiquinone, or a new interaction of the HL
BPhe with the side-chain nitrogen of Trp M210, as the geom-
etry of the residue does not allow this.
3.6. Conclusions and outlook
The improved structural model of the YM210W RC shows
that structural conservation is very good throughout the body
of the protein, with changes in structure con¢ned to the im-
mediate vicinity of the M210 residue. The main e¡ect of the
mutation appears to be to cause a small tilt of the macrocycle
of the BL BChl. This tilt, together with some £exing of the
backbone atoms of the M210 residue, results from the need to
accommodation the bulkier Trp in place of the native Tyr
residue. The observed tilt of the BL BChl could not be deter-
mined with absolute certainty from the crystal structure alone,
as it was su⁄ciently small as to lie within the estimated co-
ordinate error. However there were good indications from the
electron density maps that the tilt had occurred, and a tilt of
this magnitude would explain some of the spectroscopic prop-
erties of the YM210W RC, in particular results from ADMR
spectroscopy [15]. The small change in geometry of the inter-
action between BL and the P BChls may be a contributory
factor in determining the slow rate of primary electron trans-
fer in this mutant, but it seems likely that this structural
change is speci¢c to the YM210W RC, and so probably
does not contribute to the generic e¡ects of replacing Tyr
M210 with a non-polar residue.
To end on a cautionary note, although the 2.5 Aî resolution
X-ray structure of the YM210W RC provides a great deal of
valuable information on the e¡ects of this mutation, it does
not provide obvious explanations for subtle e¡ects such as the
small spectral shifts seen in absorbance spectra of the RC
cofactors. These e¡ects may arise from changes in structure
which are too small to be detectable from X-ray crystal struc-
tures where the expected co-ordinate error is of the order of
0.2^0.3 Aî . It should also be cautioned that processes such as
energy transfer and primary electron transfer are expected to
be very sensitive to changes in inter-cofactor distance of the
order of a few tenths of an Aî ngstrom, and so changes in
structure that bring about distinct changes in the rates of
these processes may be too small to be reliably detected by
X-ray crystallography as currently applied to the bacterial
RC.
Acknowledgements: This work was supported by the Biotechnology
and Biological Sciences Research Council of the United Kingdom
and Wellcome Trust Grant 043492.
References
[1] Allen, J.P., Feher, G., Yeates, T.O., Komiya, H. and Rees, D.C.
(1987) Proc. Natl. Acad. Sci. USA 84, 5730^5734.
[2] Chang, C.-H., El-Kabbani, O., Tiede, D., Norris, J. and Schi¡er,
M. (1991) Biochemistry 30, 5352^5360.
[3] Ermler, U., Fritzsch, G., Buchanan, S.K. and Michel, H. (1994)
Structure 2, 925^936.
[4] Ermler, U., Michel, H. and Schi¡er, M. (1994) J. Bioenerg. Bio-
membr. 26, 5^15.
[5] Fleming, G.R. and Van Grondelle, R. (1994) Physics Today 47,
48^55.
[6] Ho¡, A.J. and Deisenhofer, J. (1997) Phys. Lett. 287, 2^247.
[7] Finkele, U., Lauterwasser, C., Zinth, W., Gray, K.A. and Oes-
terhelt, D. (1990) Biochemistry 29, 8517^8521.
[8] Nagarajan, V., Parson, W.W., Gaul, D. and Schenck, C. (1990)
Proc. Natl. Acad. Sci. USA 87, 7888^7892.
[9] Chan, C.K., Chen, L.X.Q., DiMagno, T.J., Hanson, D.K.,
Nance, S.L., Schi¡er, M., Norris, J.R. and Fleming, G.R.
(1991) Chem. Phys. Lett. 176, 366^372.
[10] Hamm, P., Gray, K.A., Oesterhelt, D., Feick, R., Scheer, H. and
Zinth, W. (1993) Biochim. Biophys. Acta 1142, 99^105.
[11] Jia, Y.W., DiMagno, T.J., Chan, C.K., Wang, Z.Y., Du, M.,
Hanson, D.K., Schi¡er, M., Norris, J.R., Fleming, G.R. and
Popov, M.S. (1993) J. Phys. Chem. 97, 13180^13191.
[12] Nagarajan, V., Parson, W.W., Davis, D. and Schenck, C.C.
(1993) Biochemistry 32, 12324^12336.
[13] Beekman, L.M.P., Van Stokkum, I.H.M., Monshouwer, R.,
Rijnders, A.J., McGlynn, P., Visschers, R.W., Jones, M.R. and
Van Grondelle, R. (1996) J. Phys. Chem. 100, 7256^7268.
FEBS 23318 3-2-00
K.E. McAuley et al./FEBS Letters 467 (2000) 285^290 289
[14] Wachtveitl, J., Huber, H., Feick, R., Rautter, J., Muh, F. and
Lubitz, W. (1998) Spectrochim. Acta A54, 1231^1245.
[15] Shochat, S., Arlt, T., Francke, C., Gast, P., Van Noort, P.I.,
Otte, S.C.M., Schelvis, H.P.M., Schmidt, S., Vijgenboom, E.,
Vrieze, J., Zinth, W. and Ho¡, A.J. (1994) Photosynth. Res.
40, 55^66.
[16] Vos, M.H., Jones, M.R., Breton, J., Lambry, J.C. and Martin,
J.L. (1996) Biochemistry 35, 2687^2692.
[17] Gray, K.A., Farchaus, J.W., Wachtveitl, J., Breton, J. and Oes-
terhelt, D. (1990) EMBO J. 9, 2061^2070.
[18] Mattioli, T.A., Gray, K.A., Lutz, M., Oesterhelt, D. and Robert,
B. (1991) Biochemistry 30, 1715^1722.
[19] Gray, K.A., Wachtveitl, J. and Oesterhelt, D. (1992) Eur. J.
Biochem. 207, 723^731.
[20] Schi¡er, M., Chan, C.K., Chang, C.H., DiMagno, T.J., Fleming,
G.R., Nance, S., Norris, J., Snyder, S., Thurnauer, M., Tiede,
D.M. and Hanson, D.K. (1992) in: The Photosynthetic Bacterial
Reaction Centre II. Structure, Spectroscopy and Dynamics (Bre-
ton, J. and Vermeglio, A., Eds.), pp. 351^361, Plenum Press, New
York.
[21] Jones, M.R., Heer Dawson, M., Mattioli, T.A., Hunter, C.N.
and Robert, B. (1994) FEBS Lett. 339, 18^24.
[22] Shochat, S., Gast, P., Ho¡, A.J., Boender, G.J., Van Leeuwen,
S., Van Liemt, W.B.S., Vijgenboom, E., Raap, J., Lugtenburg, J.
and de Groot, H.J.M. (1995) Spectrochim. Acta A51, 135^144.
[23] Van Brederode, M.E., Jones, M.R. and Van Grondelle, R. (1997)
Chem. Phys. Lett. 268, 143^149.
[24] Van Brederode, M.E., Jones, M.R., Van Mourik, F., Van Stok-
kum, I.H.M. and Van Grondelle, R. (1997) Biochemistry 36,
6855^6861.
[25] DiMagno, T.J., Laible, P.D., Reddy, N.R., Small, G.J., Norris,
J.R., Schi¡er, M. and Hanson, D.K. (1998) Spectrochim. Acta
A54, 1247^1267.
[26] Laible, P.D., Chynwat, V., Thurnauer, M.C., Schi¡er, M., Han-
son, D.K. and Frank, H.A. (1998) Biophys. J. 74, 2623^2637.
[27] Streltsov, A.M., Vulto, S.I.E., Shkuropatov, A.Y., Ho¡, A.J.,
Aartsma, T.J. and Shuvalov, V.A. (1998) J. Phys. Chem. B102,
7293^7298.
[28] Fyfe, P.K., McAuley-Hecht, K.E., Ridge, J.P., Prince, S.M.,
Fritzsch, G., Isaacs, N.W., Cogdell, R.J. and Jones, M.R.
(1998) Photosynth. Res. 55, 133^140.
[29] McAuley-Hecht, K.E., Fyfe, P.K., Ridge, J.P., Prince, S.M.,
Hunter, C.N., Isaacs, N.W., Cogdell, R.J. and Jones, M.R.
(1998) Biochemistry 37, 4740^4750.
[30] Otwinowski, Z. and Minor, W. (1997) Methods Enzymol. 276,
307^326.
[31] Bru«nger, A.T. (1992) X-PLOR Version 3.1 Manual, Yale Uni-
versity Press, New Haven, CT.
[32] Murshudov, G.N., Vagin, A.A. and Dodson, E.J. (1997) Acta
Crystallogr. D53, 240^255.
[33] Jones, T.A., Zou, J.Y., Cowan, S.W. and Kjeldgaard, M. (1991)
Acta Crystallogr. A47, 110^119.
[34] Collaborative Computational Project, Number 4 (1994) Acta
Crystallogr. D50, 760^763.
[35] Kraulis, P.J. (1991) J. Appl. Crystallogr. 24, 946^950.
[36] Merrit, E.A. and Bacon, D.J. (1997) Methods Enzymol. 277,
505^524.
[37] McRee, D.E. (1992) J. Mol. Graph. 10, 44^46.
[38] Kabsch, W. (1976) Acta Crystallogr. A32, 922^923.
[39] Scheer, H. (1991) in Chlorophylls (Scheer, H., Ed.), pp. 3^30,
CRC Press, Boca Raton, FL.
[40] Chirino, A.J., Lous, E.J., Huber, M., Allen, J.P., Schenck, C.C.,
Paddock, M.L., Feher, G. and Rees, D.C. (1994) Biochemistry
33, 4584^4593.
[41] Stanley, R.J. and Boxer, S.G. (1995) J. Phys. Chem. 99, 859^863.
[42] Van Der Vos, R., Franken, E.M., Sexton, S.J., Shochat, S., Gast,
P., Hore, P.J. and Ho¡, A.J. (1995) Biochim. Biophys. Acta
1230, 51^61.
[43] Parson, W.W., Chu, Z.T. and Warshel, A. (1990) Biochim. Bio-
phys. Acta 1017, 251^272.
[44] Alden, R.G., Parson, W.W., Chu, Z.T. and Warshel, A. (1996)
J. Phys. Chem. 100, 16761^16770.
[45] Bru«nger, A.T. (1992) Nature 335, 472^475.
[46] Hooft, R.W.W., Vriend, G., Sander, C. and Abola, E.E. (1996)
Nature 381, 272.
[47] Laskowski, R.A., MacArthur, W.W., Moss, D.S. and Thornton,
J.M. (1993) J. Appl. Crystallogr. 26, 283^291.
[48] Cruickshank, D.W.J. (1999) Acta Crystalllogr. D55, 583^601.
FEBS 23318 3-2-00
K.E. McAuley et al./FEBS Letters 467 (2000) 285^290290
